Aim: A novel hemostatic sealant based on the in situ gel formation of gelatin catalyzed by thrombin and crosslinked by transglutaminase was designed. The aim of this study was to investigate the efficacy of the hemostatic sealant in control of bleeding caused by liver trauma in dogs. Methods: Hepatic trauma that mimicked the grade III-IV rupture of liver was made in 20 dogs. The traumatic lesion was topically administered the hemostatic sealant (treatment group, n=10), or a thrombin solution (control group, n=10). The time to achieve hemostasis and the blood loss were measured. Contrast-enhanced ultrasound (CEUS) examination was performed in each animal on d 3, d 7, and d 10 d postoperatively to study the healing of the lesions. Results: The mean time to achieve hemostasis in the treatment group was significantly shorter than that in the control group (1.20±0.33 vs 6.70±0.64 min, P<0.05). The mean blood loss in the treatment group was significantly less than that in the control group (47.22±8.61 vs 79.29±11.97 mL, P<0.05). In CEUS examination, the traumatic lesions in the treatment group became significantly smaller on d 3, and disappeared on d 7, whereas the lesions in the control group still existed on d 10. Ascites were never found during 10 d follow-up in the treatment group but were observed on d 3 and d 7 in the control group. Conclusion: Compared with thrombin, the novel hemostatic sealant shows much better efficacy in hemostasis and may promote wound healing in dog liver trauma.
Introduction
Hemorrhage remains the leading cause of abdominal wounds [1] , and thus, the quick and effective control of bleeding could greatly increase the rate of survival. Although conventional methods, such as suturing and cautery, are effective in terminating hemorrhage, limitations exist in their hepatic application due to the crisp texture and inaccessible location of the liver [2] . Topical hemostats, as a novel method, may contribute to coping with the issue of hemostasis when traditional surgical methods are ineffective or inappropriate [3] . FloSeal TM , a topical agent, is a hemostatic sealant composed of thrombin and a gelatin matrix derived from bovine collagen, which is crosslinked by glutaraldehyde. FloSeal has been certified to have a significant hemostatic efficacy in a range of surgical situations, including cardiac [4] , vascular [5] and spinal surgeries [6] , liver rupture and resection [7] [8] [9] , renal injury [10] , partial nephrectomy (open and laparoscopic) and percutaneous nephrolithotomy [11, 12] , endoscopic sinus surgery [13] and gynecological surgery [14, 15] . However, it is noteworthy that for in situ applications, there are safety concerns associated with the employment of glutaraldehyde [16] . Slight toxicity has been demonstrated in oral toxicology studies (eg, contact dermatitis when applied on the skin [17] ). Hence, to serve as a non-toxic alternative to the chemical crosslinker glutaraldehyde, the calcium-dependent transglutaminase (TG) is investigated.
Initial studies with TG were aimed at its applications in the www.nature.com/aps Xie X et al Acta Pharmacologica Sinica npg food industry [18] [19] [20] , and later studies laid more emphasis on its potential medical applications. It was proved to have an effect of enhancing the integrative bonding of articular cartilage wounds [21] , promoting the healing of skin wounds [22] , and serving in fibrin polymerization during blood clotting [23] . Additionally, TG was found to be effective in the crosslinking of gelatin [18, [24] [25] [26] , and previous studies have shown that the gelatin-TG adhesive could achieve complete hemostasis in 2.5 min on liver wounds and femoral artery wounds in a murine model [27] . A hemostatic sealant based on the in situ gel formation of gelatin catalyzed by thrombin and crosslinked by TG was investigated and discussed in this study. We conducted a randomized controlled study in a canine model of hepatic trauma to investigate the efficacy of this novel hemostatic sealant that was applied under no pressure.
Materials and methods

Preparation of hemostatic agents
Gelatin (180 Bloomg, type B, derived from bovine bones) was obtained from the Beijing University of Chemical Technology (National Gelatin Testing Center, Beijing, China). TG was obtained from Vickers Industrial Co, Ltd (Shanghai, China). Lyophilizing thrombin powder (500 UI) was obtained from Beijing First Biochemical Pharmaceutical Co, Ltd (Beijing, China). The calcium chloride injection was obtained from Shanghai Pharmaceutical Co, Ltd (Shanghai, China). Normal saline was provided by the Chinese People's Liberation Army General Hospital.
The gelatin solution (20% w/w) in PBS buffer (pH=7.4) was freshly prepared each day and maintained at 40 °C for no more than 1 h prior to use. TG dissolved in calcium chloride solution at a concentration of 10% (w/v) was prepared and stored on ice until use. The thrombin solution was prepared by mixing the calcium chloride injection and lyophilized thrombin powder. Immediately before applying, the novel hemostatic sealant was prepared by evenly mixing the warm gelatin solution (40 °C) with the thrombin and TG solutions at a 7:2:1 volume ratio.
The thrombin solution applied in the control group was prepared as described above; the concentration was 2000 UI of thrombin dissolved in 2 mL of solution.
Animals and anesthesia
All experiments were conducted in accordance with our institutional animal care and use committee protocols and the National Institute of Health guidelines for the care of laboratory animals (license number, SCXK [Beijing] 2007-0004). In this study, a total of 20 male hybrid dogs (aged 2-3 years old and weighing 15-19 kg) with healthy certificates were adopted after a 3 d acclimation period. Food was withheld for 18 h prior to surgery. All dogs received an antibiotic (benzylpenicillin sodium) intramuscularly for 10 d postoperatively.
General anesthesia was induced by an intravenous injection of pentobarbital sodium (3%, 30 mg/kg). Mechanical ventilation (System main unit model DC-120H, Nihon Kohden Corporation, Japan) was set with an initial tidal volume of 300 mL (15-19 kg) and a peak pressure of 6.5 cmH 2 O. The respiratory rate was set at 18 per minute. Catheters were placed in the femoral artery for measuring blood pressure and in the accessory cephalic vein for fluid resuscitation, anesthetic infusion and blood sample removal. The mean arterial pressure (MAP) was monitored continuously by the Microprocessor Ventilator 7200 series (Puritan Bennett Corporation, USA). Intravenous lactated Ringer's solution was administered to maintain the MAP at no less than 60 mmHg. Each dog was infused with approximately 500 mL of lactated Ringer's solution.
Surgical procedure An abdominal midline incision was made, and the liver was exposed. According to the Organ Scaling Committee of the American Association for the Surgery of Trauma [28] and combined with animal weight, an injury (4.0 cm in length, 4.0 cm in width and 2.0 cm in depth) was uniformly created using hemostatic clamp in the left lateral lobe of the liver to mimic grade III-IV rupture of liver. Then, they were randomly assigned to receive 2 mL of the topical hemostatic agent described above (treatment group, n=10) or the thrombin solution (control group, n=10). The time to achieve hemostasis and the weight of blood loss were recorded. The random assignment number was generated by a computer. To achieve the maximum hemostatic efficacy, the rapid application of the injection was begun at the deepest part of the traumatic lesion directly and was continued until the whole defect was completely filled with the injection. During the course of hemostasis, there was no additional compression. All blood was wiped from the abdominal cavity with gauze, and the abdomen was closed.
The time to achieve hemostasis was defined as the time from the moment after the injection to the absence of any apparent residual bleeding from the lesion site. The weight of blood loss was calculated by subtracting the weight of the gauze before surgery from the weight of the gauze after all visible blood and blood clots were wiped away.
CEUS evaluation
Conventional ultrasound and CEUS were performed using a CX50 system (Philips Medical Systems, Andover, MA, USA). A L12-3 transducer with 3.0-12 MHz was used. The CEUS employed a pulse inversion harmonic and energy modulated technique at a low acoustic power (a mechanical index of 0.07), which detects not only the non-linear second harmonic response of microbubbles but also the strong non-linear fundamental component, thus increasing the signal-to-noise ratio by 15-20 dB and providing a much stronger contrast signal. The scan settings during this experiment (including the gain, scanning depth and time gain control) were optimized for each region independently. The focus was set to the deeper aspect of the lesion being examined.
The ultrasound contrast agent used in this study was SonoVue (Bracco), a suspension of stabilized microbubbles of inert gas (sulfur hexafluoride) covered by a phospholipid www.chinaphar.com Xie X et al Acta Pharmacologica Sinica npg membrane [29] . The agent was supplied as lyophilized product and was reconstituted by mixing with 5.0 mL of saline.
The CEUS was performed to study the healing of the lesions, and conventional ultrasound was performed to detect free intraperitoneal fluid at d 3, 7, and 10 postoperatively. To avoid bias in the measurements, all animals were placed in a supine position. A bolus of SonoVue™ (0.025 mL/kg) was administered through an accessory cephalic vein, followed by a 5 mL normal saline flush. The CEUS revealed non-and/or hypo-enhanced regions in the liver injury sites after the focal injection (Figure 1 ). For the off-line analysis, digital images were recorded on the scanner as single-frame pictures and multiple cine loops.
Statistical analysis
The values were depicted as the mean±standard deviation (SD) with P<0.05 defined as significant. Differences between the time to achieve hemostasis and the weight of blood loss in the different groups were determined using the t test. Measurements taken in each dog (ascites and lesion area) were analyzed using one-way ANOVA and multiple comparisons according to Dunnett T3. Measurements taken in each dog (hematology and biochemistry parameters) were analyzed using one-way ANOVA and multiple comparisons according to Bonferroni. The data were analyzed using the SPSS17.0 statistical package.
Results
There was no difference in the body weight of the animals between the two groups (the body weights in the treatment and control groups were 16.82±1.06 kg and 16.73±1.15 kg, respectively (P>0.05). All the dogs survived after the procedure due to complete hemostasis.
The mean time to achieve complete hemostasis in the treatment group (range 1.00-1.83 min) after the application of the novel hemostatic sealant without additional compression was shorter than that in the thrombin group (range 5.83-7.83 min). There was a significant decrease in the average blood loss in the treatment group (range 37.91-52.52 mL) compared with that in the thrombin group (range 64.82-105.72 mL) ( Table 1) .
Conventional ultrasound was performed during the 10 d follow-up to detect the presence of free intraperitoneal fluid (Figure 2 ). In the treatment group, ascites were not found in any animal (n=10) at d 3, 7, and 10 postoperatively, whereas in the control group, ascites were found in all animals (n=10) at d 3, in 2 dogs (2/10) at d 7 and in 0 dogs at d 10. The largest diameter of the ascites in the control group was 0.59±0.25 cm at d 3 and 0.06±0.13 cm at d 7.
The lesion sites were measured by CEUS during the 10 d follow-up (Figure 3 ). In the treatment group, hepatic lesion were found in all animals (n=10) at d 3 postoperatively, but no lesions were found at d 7 and 10 postoperatively. In the control group, hepatic lesions were found in all animals (n=10) at d 3 and 7 postoperatively, and lesions still existed in 2 dogs at d 10 postoperatively. At d 3, the difference in the area of the The hematology parameters at three different time points were also compared between the two groups ( Table 2 ). The mean values of hematocrit and hemoglobin both increased gradually over time. Although the mean values for hematocrit and hemoglobin were not within the normal range for dogs in the control group at d 3 postoperatively, there were no significant differences from the treatment group at the same time point (P>0.05 for both). The mean values for the biochemistry parameters at three different time points were also compared between the two groups ( Table 3 ). The mean values of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) both decreased gradually in the procedure. There were no significant differences between the two groups (P>0.05 for all). At d 10 postoperatively, ALT and AST in both groups returned to the normal range.
Discussion
Patients and surgeons have recognized that underlying benefits might be produced by the timely control of bleeding, considering the morbidity, mortality and extended hospitalization due to uncontrolled severe traumatic or surgical bleeding [30] . Bleeding insofar as mild, moderate, or even severe intensity can be quickly and successfully treated with traditional mechanical methods (ie, pressure, suturing, ligature, clips and staples) or with various electrosurgical devices in most cases [31] . Because of their inadequate surgical technique, topical hemostats are typically utilized when traditional measures are ineffective or impractical.
So far, a wide variety of topical hemostats have been developed and are available to assist surgeons in the perioperative management of bleeding, including mechanical agents (such as gelatin foams, oxidized regenerated celluloseand microfibrillar collagen) and active hemostats (such as topical thrombin) [32] . However, the performance of current hemostatic materials is far from ideal. The efficacy of mechanical agents requires an intact coagulation cascade to ensure that fibrin is produced, and thus these agents will not be effective when hemorrhaging is caused by a significant coagulopathy [33] . In addition, the acidic nature of oxidized regenerated cellulose may also increase the chance of the inflammation of surrounding tissue and delay wound healing [34] . More importantly, their uninjectable property considerably restricts their application in interventional treatments. Thrombin has been reported to be purified from numerous sources and has been used as a clinical aid for topical hemostasis for more than 60 years. Thrombin alone may have some effects on diffusely bleeding surfaces, but the clot formed is relatively soft and unstable as thrombin does not provide a framework to which the clot can adhere.
Biomaterials with the capacity to form gels in situ have been attracting considerable attention for a variety of soft tissue www.chinaphar.com Xie X et al Acta Pharmacologica Sinica npg applications. In situ gel-forming materials are a class of materials that can undergo transition from a liquid state to a gel at the application site. These hydrogels can attach to a tissue surface to form a physical barrier or seal, and they have been exploited for broad applications, including hemostasis, wound healing, suture support, tissue sealing and drug delivery [35] [36] [37] . Interest in soft tissue adhesives is growing because of the desire to replace or supplement sutures for wound closure [38] , the trends toward less invasive and cosmetic surgeries, and the need for emergency hemostasis [39] . Different strategies have been used to obtain in situ-forming hydrogels. One approach commonly used for in vitro gel formation is to initiate polymerization reactions in the presence of multi-functional monomers. Transglutaminase catalyzes the crosslinking reaction between glutamine and lysine residues of proteins. Hydrogels catalyzed by this enzyme formed more slowly and were stronger and permanent [40] . Previous in vitro studies have shown that the TG adhesive can bond with moist or wet tissue and that the adhesive strength is comparable with, or better than, fibrin-based sealants [41] [42] [43] . CEUS is based on the ability of microbubbles containing gases to produce real-time, contrast-related, gray-scale images. It can clearly show the site and extent of lesions, whether the organ capsule was involved and whether active hemorrhaging still exists. A needle can also be precisely inserted into hepatic lesions under sonographic guidance percutaneously. In addition, it possess more advantages than other minimally invasive methods, considering its advanced properties and functions such as light, fast and wide accessibility, bedside applicability and shielding patients from the hazard of ionizing radiation. The literature [44] [45] [46] indicates that CEUS was effective in the diagnosis of blunt hepatic trauma, had similar performance to that of CT and was more sensitive than conventional sonography.
To the best of our knowledge, this study is the first to investigate the homeostatic efficacy of a novel sealant based on the in situ gel formation of gelatin catalyzed by thrombin and crosslinked by TG for hepatic trauma in a canine model. Significantly lower blood loss and shorter hemostasis times were observed in the treatment group compared with the control group (P<0.05). No ascites were found during the 10 d follow-up, and no hepatic lesions were observed by CEUS on d 7 and 10 postoperatively in the treatment group. In the control group, however, ascites still existed on d 3 and 7 postoperatively, and hepatic lesions were still present on d 10 postoperatively. One explanation for these results may be that gelatin crosslinked by TG can form a gel that offers substantial adhesive strength, enabling the thrombin solution to run off the wound surface and maintain its solid or pasty consistency when combined with a gelatin to facilitate the formation of a stable clot at the bleeding site.
Potential limitations of this study should be acknowledged. First, the left lateral lobe of the liver was chosen as a model, which was reported in a previous study [7] , and the bleeding here is relatively slow. Thus, further studies are necessary to determine the efficacy of the novel hemostatic sealant in situations with more bleeding. Second, the gelatin solution can form a physical gel at room temperature. Such a physical gel would need to be melted by warming up to 37 °C prior to use, which would be inconvenient for surgeons.
In conclusion, a hemostatic sealant based on in situ gel formation catalyzed by thrombin and crosslinked by gelatin may function in an effective way in hemostasis and promote wound healing after hepatic trauma without additional compression, which eliminated the safety concerns associated with glutaraldehyde. The hemostatic efficacy of the novel hemostatic sealant is better than that of thrombin.
